Saw-tooth bars are shore-oblique sand bars that are found along most ebb-tidal deltas of the Frisian Wadden Islands. Although they might significantly affect sediment transport pathways and volumes on the deltas, their general characteristics and dynamics are largely unknown. The main aim of this paper is to determine the typical saw-tooth bar heights, wave lengths, widths, orientations, migration rates and depths of occurrence. To this end, we analysed bathymetries from the Dutch and German Frisian Wadden Islands between 1970 and 2015. Bar heights range between 0.5 and 2 m, and wave lengths range between 300 and 900 m, with an average of 670 m, and the bar crests have a down contour orientation of approximately 25°. The bars are between 800 and 2200 m wide. Saw-tooth bars are located at depths from 3 to 12 m, depending on the slope of the area. Migration speeds of up to 112 m/year were found, using a spatial correlation method. Bar height and migration speed are positively linearly correlated, as well as bar wave length and bar width, bar height and the orientation of the depth contours and migration speed and the orientation of the area. The derived characteristics are compared to those of other bar types to evaluate hypotheses regarding the formation mechanism of the bars.
Introduction
Barrier coasts make up some 10% of the world's coast line (Stutz and Pilkey 2011) . They are morphologically and ecologically highly dynamic, and understanding their dynamics is therefore vital for managing purposes . Typically, barrier coasts consist of a series of islands, intersected by tidal inlets, with flood-tidal deltas on their landward side and ebb-tidal deltas on their seaward side (Hayes 1979 (Hayes , 1980 . Ebb-tidal deltas are relatively shallow and can protect the adjacent islands and their back-barrier basin against high storm wave energy. Their high sediment volumes, between 1 and 100 × 10 6 m 3 (Gaudiano and Kana 2001) can serve as a sediment source for adjacent islands and the back-barrier basin, as suggested for the Dutch Wadden Sea barrier coast by Elias et al. (2012) .
Nonetheless, sediment transport pathways on ebb-tidal deltas are still poorly understood .
The effects of sediment transport on ebb-tidal deltas can be visible by bars that migrate and attach to the coast or migrating sand waves (e.g. Bruun and Gerritsen 1959) . Large-scale bedforms can affect the amount of transported sediment in two ways: directly by migrating and therefore literally transporting sediment (e.g. Simons et al. 1965; Aberle et al. 2012) and also indirectly by altering the spatial flow structure (Kwoll et al. 2014) . A typical example of an ebb-tidal delta showing different types of bedforms is given in Fig. 1 ; the bedforms are described below.
On some ebb-tidal deltas, single bars are found, which are referred to as swash bars (Hayes 1980) . They are generated by waves breaking on the edges of the ebb-tidal delta, thereby reworking sand that was transported seaward through the ebbchannel (Hine 1975) . These swash bars are 0.5-2.0 m high, 50-150 m long and 50 m wide (Davis and Dalrymple 2012). As visible in Fig. 1 , swash bars are oriented more or less perpendicular to the shoreline. They migrate with 100-400 m/year. The migration rate of the individual bars decreases in the onshore direction because of the increasingly larger bar height (FitzGerald 1988) . This leads to the formation of large bar complexes or shoals (FitzGerald 1982) . FitzGerald (1988) and Gaudiano and Kana (2001) found that volumes of these shoals range between 1 × 10 5 and 1.5 × 10 6 m 3 for inlets in South Carolina, USA. Shoal migration velocities on the ebb-tidal deltas of the Wadden Sea range between 67 and 351 m/year (Ridderinkhof et al. 2016a) . Shoals move onshore because landward flow by waves and tides is dominant over seaward flow consisting of only tides (Ridderinkhof et al. 2016b) . They have a typical cycle of growth, migration and attachment to the downdrift island (FitzGerald 1996; Israel and Dunsbergen 1999) . The periods between successive shoal attachments vary between 4 and 130 years (Ridderinkhof et al. 2016a ).
In the Wadden Sea area, besides the bedforms mentioned above, saw-tooth bars (or shore-oblique sandbars or subtidal rhythmic morphology) are found on the downdrift side of the ebb-tidal delta (longshore drift is to the east). They have been given much less scientific attention, and a general understanding of their characteristics is missing. We do have results from case studies that were based on an analysis of sometimes one to maximum three bathymetries of single ebb-tidal deltas, but a systematic overview based on an analysis of all available bathymetries along the Wadden Sea is missing. The first description of saw-tooth bars was given by Reineck (1963) , who studied the shoreface of Norderney in 1961. He found that the downdrift side of saw-tooth bars is steeper than the upstream side and therefore named them saw-tooth bars. Yet, no other accounts of their asymmetry are known other than that of Gordeau (1999) , who found that the crests and troughs are of approximately equal width. In general, saw-tooth bar heights are 0.5 -3 m (Reineck 1963; Gordeau 1999; Brakenhoff et al. 2017) . Wave lengths are in between 400 and 1200 m, with large differences between inlets (Reineck 1963; Antia 1994 Antia , 1996 Gordeau 1999) . Reineck (1963) and Gordeau (1999) showed that the cross-shore bar widths are larger than the wavelengths; widths range from 500 to 2000 m. Antia (1994 Antia ( , 1996 showed that saw-tooth bars originate in a water depth of 2-6 m. In contrast to the swash bars, sawtooth bars bars are shore-oblique and current-transverse but tend to become more shore-normal in the easterly (downdrift) direction (Reineck 1963; Antia 1994) . Figures in Antia (1994) show that the saw-tooth bars originate on the part of the ebbtidal delta that is downdrift of the dominant longshore drift direction, but it is still unknown how these bars are generated. Saw-tooth bars tend to migrate. Yet, Antia (1994) states that migration is rotational around nodal points, while Gordeau (1999) , Elias (2006) and Herrling and Winter (2014) found translational migration in the direction of the littoral sediment drift in the order of 100-200 m/year. Also, volumetric transport rates were estimated to be in the order of 10 5 m 3 /year, assuming that the unknown constant factor is zero (Brakenhoff et al. 2017) .
In short, all knowledge on saw-tooth bars is based on a few case studies, and a more systematic overview of their characteristics is missing. The main aim of this paper is to determine the characteristics of saw-tooth bars based on an analysis of bathymetries of all ebb-tidal deltas of the Wadden Sea region. In Sect. 2, the available data and data analysis methods are described. Section 3 gives an overview of the various characteristics that were studied, as well as the relations between those characteristics. Furthermore, we will relate saw-tooth bar characteristics to the orientation and slope of the shoreface and the tidal range. In Sect. 4, the characteristics as found in the present study will be compared to those found in literature, and they will be used to evaluate hypotheses regarding saw-tooth bar formation. The conclusions are provided in Sect. 5.
Methods

Study area
The study area is the Wadden Sea, which stretches from the north of the Netherlands to the west of Denmark. Because saw-tooth bars were not observed in Denmark, we focus on the area of the West and East Frisian Islands (Fig. 2 ). This area can be classified as mixed energy tide-dominated to wave-dominated, depending on location. All inlets have well-developed ebb-tidal deltas (Elias et al. 2012) . Mean significant wave height is 1.3 m, but wave heights can become up to 6 m during storms. The tidal wave propagates from west to east, with the tidal range increasing from 1.4 m near the Texel Inlet to 3 m near the Harle Inlet (Elias et al. 2012; Balke et al. 2016 ).
Available data
Since 1990, the bathymetries of the Dutch ebb-tidal deltas have been measured every 3 to 6 years by Rijkswaterstaat (part of the Dutch Ministry of Infrastructure and the Environment); see Table 1 . Since 2005, the Ameland Inlet and ebb-tidal delta have been measured almost every year. Before 1990, measurements occurred more sporadically. Until the 1960s, data were recorded manually and after that with a single-beam echosounder on arrays perpendicular to the shore with 200 m spacing. They were linearly interpolated and stored on a 20 × 20-m grid with an estimated depth accuracy of 0.11 to 0.40 m (Perluka et al. 2006) .
In Germany, bathymetric surveys were performed by various institutes between 1982 and 2012, and these were collected by the Bundesamt für Seeschiffart und Hydrographie (BSH). The bathymetries are stored in regular 50 × 50-m grids and are composed of data that were interpolated in space and time (Valerius et al. 2013 ). The depths were originally measured at irregular spatial and temporal intervals, but in the dataset, the uncertainties are provided for all grid cells in space and time. Data were not used if the uncertainty on the depth was larger than 2 m (due to interpolation in space and time), or when they were interpolated in time. The average depth accuracy of the German survey data used here was 0.83 m.
The inlets where saw-tooth bars are found are indicated in Fig. 2 , and the years in which bathymetries are measured for those inlets are presented in Table 1 . All x and y coordinates are given in UTM, and all depth values are given in m with respect to mean sea level (MSL).
Data analysis
An example of a measured bathymetry (Ameland Inlet 2005) is shown in Fig. 3a . Although saw-tooth bars are already visible, to better see the bed forms, a spatial running mean with an area of 1000 × 1000 m was calculated around each grid point in each bathymetry (Fig. 3b ). Subsequently, this running mean was subtracted from the actual bathymetry ( Fig. 3a ), revealing the bedforms as perturbations from the mean (Fig. 3c ). On such a perturbation map, the area with sawtooth bars occur was indicated manually (further referred to as bar area). An example of a bar area is given in Fig. 3c . Sawtooth bars were classified as such if (1) they are located on the downdrift side of the ebb-tidal delta, (2) more than 1 bar is visible, (3) the bar width (i.e. shore-normal bar crest length) is larger than their wavelength, (4) their height is at least 0.5 m (larger than the measurement uncertainty) and (5) they are not oriented parallel to the downdrift shoreline (that would imply that they are swash bars or surf zone bars).
The bar width and depths of occurrence were determined manually for all available bathymetries. First, the two ends of each bar crest were selected in the perturbation plot (Fig. 3c ). After that, the distance between them was calculated and the accompanying depths in the mean bathymetry ( Fig. 3b ) were determined.
Following Smith (1997), the bar height (crest to trough) was calculated by multiplying the standard deviation of the perturbations around the mean in the bar area by a constant, which depends on the shape of the bars (square, triangle or sine waves). In general, saw-tooth bars have the closest resemblance to sine waves, so the bar height was calculated by 2•√2•s, with s being the standard deviation within the bar area.
To verify that the bars are actually symmetric, the asymmetry (AS) was calculated. AS is given by the distance from trough to crest, divided by the distance from crest to crest. With this calculation, values are always in between 0 and 1, and the bar is fully symmetric if AS = 0.5. If the bars are asymmetric, a value between 0.5 and 1 is to be expected; this would indicate a downdrift directed bar.
Bar wave length and crest orientation were deduced from a 2D Fast Fourier Transformation (FFT) of the bar area in the perturbation plot ( Fig. 3d ). The FFT is used to calculate the bar wave length and orientation of the saw-tooth bars with respect to the north. For this, the spatial frequency k (inverse wavelength) was first calculated as k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi k x;max 2 þ k y;max 2 q . In this equation, k x,max and k y,max are the x and y location of the maximum intensity in the FFT plot ( Fig. 3d ). Wavelength L was then determined as L = 1/k. Orientation θ is given by θ = tan −1 (k y, max /k x, max ) − 90 ( Fig. 3c ). However, since the orientation of the ebb-tidal deltas and coastlines of the various islands differs, these orientations cannot be compared to each other. Therefore, the orientation of the saw-tooth bar area was calculated as well. This was done by fitting a linear surface through the mean bathymetry of the bar area and subsequently determining the average bed slope and the orientation. The orientation of the area α was defined as the average angle between the depth contours of the linear surface and the North (Fig. 3b ). The migration speeds of the saw-tooth bars were derived from spatial correlation of two perturbation maps of the bar area at subsequent moments in time. The method of Duffy and Hughes-Clarke (2005) was used. First, a search area was defined, which typically contained one saw-tooth bar. Therefore, in the present study, the search area was chosen to be 600 × 600 m. Within the search area, a square matrix was created around each grid point, called the fit matrix (f(x,y) at time T1). The size of the fit matrix was 200 × 200 m. Next, a displacement matrix (r) was determined, consisting of the correlation between f(x,y) and a displaced fit matrix of a subsequent year T2 for each possible displacement within the search area (g(x + Δx, y + Δy)). The result is a matrix of correlation values r k,l on each location (x,y):
To prevent biases due to potential outliers, the correlation r was normalized by subtracting the mean from each dataset, and subsequently dividing by the standard deviation. From now on, the correlation was called R. Values in R lower than 0.3 were removed, because they indicate a low to insignificant correlation. In the resulting R matrix, the migration correlation was determined as the weighted centroid of all R > R max /√2. The migration of the fit matrix is given as the distance between the centre of the fit matrix and the location of the migration correlation. The total migration of the saw-tooth bar field is the average of all fit matrix migration values.
The calculation of migration speed was only possible when the two bathymetries were taken within 1 or 2 years from each other. When there is more time between two bathymetries, either the shape of the bars changes too much or the bars migrate more than one wavelength. Therefore, the migration speed was not computed for the saw-tooth bars at the Texel, Vlie and Frisian Inlets.
Results
The relations between all studied variables, based on a linear regression, can be found in Tables 2 and 3 . All variables will now be described separately.
Bar height and asymmetry
The height of the saw-tooth bars is between 0.5 and 2 m (Fig. 4) , although for the German inlets (Osterems until Harle Inlet) it is more commonly between 0.5 and 1 m. The largest bar height is 2.27 m, which was found for 2006 on the ebb-tidal delta of the Ameland Inlet. Both median and maximum bar heights decrease from Ameland to the east. Along each individual ebb-tidal delta, the bar heights are more or less constant in space.
On most ebb-tidal deltas, the bar heights were found to vary in time, but the time scales involved varied at and between locations. Overall, the largest time scales were found at the Dutch inlets. As an example, the bar height at the Ameland Inlet first increased from less than 0.5 to 2.27 m in about 15 years, and then decreased again to less than 0.5 m in about 10 years (Fig. 4a) . Other systems show similar behaviour. The peaks in bar height occur simultaneously at the Texel, Vlie and Frisian inlets, but no relation can be found with the peak bar height at the other inlets. For the German inlets, the absolute bar height variations in time are small, and at several moments, no bars were found at all. This was the case in the Accumer Ee Inlet in 1987 and in the Harle Inlet in 1987 , 1988 , 2003 ). After their disappearance, they can reappear within a few years. These observations will be further addressed in the discussion.
Bar heights are linearly correlated to the slope and orientation of the area. The correlation is negative between bar height and the slope of the area, meaning that the bar height decreases for steeper shorefaces. The correlation between bar height and area orientation is positive, meaning that the bars are higher when the depth contours are deflecting more away from the north.
The asymmetry of the saw-tooth bars is approximately constant in space and time. On average, the asymmetry is 0.53, which indicates that the assumption of symmetric bars was correct, and thus proving that saw-tooth bars are actually very symmetric. The standard deviation is 0.13, indicating that the spread is indeed low. Figure 5 shows the distribution of wave lengths per tidal inlet system. The values range between 313 and 909 m, with an overall average of 672 m. The smallest median wavelengths (400 m) are found for the westernmost inlet (the Texel inlet), whereas the largest median wavelengths (830 m) are found in the next (Vlie) inlet. From there on, the median wavelength decreases in eastward direction to 500 m. This observation will be further addressed in the Sect. 4.
Bar wave length and orientation
Analogous to the bar heights, the bar wavelengths also fluctuate on a multi-annual timescale. Time scales are similar to those of the bar heights, but peak heights and lengths do not occur simultaneously. Again, the timescales associated with wavelengths on the German ebb-tidal deltas are shorter, more in the order of years. On the other hand, the range in wavelengths, as given by the interquartile range, is larger for the German inlets (Fig. 5) . Figure 6 presents the orientation of the bars with respect to the mean orientation of the bar area, showing that the bar orientation is similar for all inlets. On average, the angle between the bar crests and the underlying depth contours is 66°, meaning that the bar crests have a slight down contour orientation of 25°. No changes with time were found.
No significant relation was found between the orientation of the bars and the bar height. The bar wavelength, on the other hand, seems to decrease for increasing bar angles ( Table 2 ). Wavelength and bar orientation are not correlated to the slope and orientation of the area (Table 3 ). Figure 7 shows that the bar widths are generally between 670 and 2500 m. The widths increase from west to east in the Dutch inlets, whereas in the German inlets, widths decrease from west to east. The widths vary on a time scale similar to the lengths and heights, but peaks do not coincide. They are negatively correlated to the bed slope and orientation ( Table 3) , meaning that the bar width is smaller when the shoreface is steeper or more oblique. On top of that, bars with larger wavelengths also have larger widths ( Table 2 ). The ratio width/wave length is in between 1.5 and 3.5 for all inlets, with the higher values for the Texel, Frisian and Osterems Inlet, and the lower values for the other inlets.
Bar width
Depths of occurrence
Depths of the landward ends of the bars range between 3 and 8 m while depths of the most seaward end of the bars are in between 5 and 12 m (Fig. 8) . The largest interannual variability in nearshore and seaward depths is found in the German inlets, which is visible in the amount of scatter in Fig. 8 . For example, the seaward depths of the Osterems ranges between 9.5 and 12 m, while those of the Ameland Inlet range between 7.5 and 9 m.
Bars that start deeper also end deeper and vice versa. Seaward and landward depth are positively correlated ( Table 2 ). Besides the relation between the landward and seaward depth, these depths and the slope of the shoreface are also negatively correlated (Table 3) . When the shoreface is steeper, the most landward end of the bars is found on shallower depths. The same holds for the seaward depth. The depths of occurrence also have a relation with the bar wave length; bars that occur on larger depths are longer. This is true for both landward and seaward depth (Table 2 ). Naturally, bars that are wider also extend to deeper areas. Yet, it was also found that wider bars also tend to start at larger depths.
Migration speed
The migration speed of the saw-tooth bars for all inlets varies between 2 and 112 m/year ( Fig. 9 ). On average, the bars migrate with 30 m/year, but it is visible that the migration speed highly depends on the location of the inlet along the Wadden Sea coast. At the Norderneyer Seegat and the Accumer Ee Inlet, migration speeds are very low, while at the same time, the bars move quite fast at the Ameland and Harle Inlet. Apart from their relation with their position along the Wadden coast, bars with larger heights tend to migrate faster than lower bars ( Table 2 ). Both characteristics fluctuate on similar multi-annual timescales. On top of that, migration is positively correlated to the orientation of the shoreface (Table 3) . 
Discussion
In this study, the characteristics of saw-tooth bars were analysed and combined into a complete and systematic overview. The found characteristics were within the range as found in previous studies, but the present study is the first to enable determining spatial trends, temporal behaviour and relations between the bar characteristics and their environment. Yet, it is still unclear how their characteristics compare to other bar types found on continental shelves and by which mechanisms they are generated. These two questions will be discussed below. Antia (1994) classified saw-tooth bars as surf zone transverse bars, but the findings of this paper indicate that they are not. Like saw-tooth bars, transverse bars are oriented perpendicular or oblique to the shore and are 0.3-2 m high (e.g. Ribas et al. 2015) . However, they are typically found in wavedominated surf zones (e.g. Wright and Short 1984) . Yet, the longest type of transverse bars, the transverse bar and rip (TBR), has a wavelength of 75-750 m and a width in the order were found in the low-energy microtidal environment of Florida (USA) by Gelfenbaum and Brooks (2003) . The main similarities between LFB and saw-tooth bars are their height, and the fact that both types of bars reach out of the surf zone. However, LFB have wavelengths of approximately 100 m and widths of up to 4 km. Saw-tooth bars, on the other hand, always have wavelengths of at least 300 m and widths in the order of 800-2200 m. While the maximum depth at which saw-tooth bars are found is 12 m, for LFB, this is approximately 8 m. This, in combination with the highenergy macrotidal environment of the Wadden Sea, suggests that the processes acting on saw-tooth bars are probably different from those acting on LFB.
Saw-tooth bar properties compared to other bar types
Another bar type with similarities to saw-tooth bars is the shoreface connected sand ridge (SCR) (Swift et al. 1978; De Swart and Calvete 2003) . They also occur on depths of 5-20 m. SCR are several meters high, and much larger than saw-tooth bars: widths are in the order of 10 km and wave lengths in the order of 5 km (Swift Fig. 8 Relation between nearshore and offshore depth al. 1978; De Swart and Calvete 2003) . Migration on the other hand is much smaller: only several meters per year, and only by storm-induced currents (De Swart and Calvete 2003) . Another difference is their orientation: while saw-tooth bars have a slight down-contour orientation (the angle between the bar crests and the depth contours is smaller than 90°), SCR are up-contour oriented (the angle between the bar crests and the depth contours is larger than 90°) (Swift et al. 1978) .
Lastly, saw-tooth bars have a resemblance to sand waves (Németh et al. 2002; Besio et al. 2006; Blondeaux and Vittori 2011) . Saw-tooth bars and sand waves have similar wave length scales, but sand waves occur on larger depths (~30 m) and their heights can be several meters (Németh et al. 2002) . Because of the small currents at these large water depths, migration speeds of sand waves are in the order of only a few meters per year (Németh et al. 2002) . In tidal channels, sand wave migration rates are 20-80 m/year, which is equal to the migration rates found in the present study (Buijsman and Ridderinkhof 2008) . Time scales of formation and growth are more than 20 years for sand waves (Knaapen et al. 2006) , while the present study found that saw-tooth bars can form 2-5 years. Sand waves are oriented more or less perpendicular to the tidal current, with a maximum counter clockwise deviation of 10° (Hulscher 1996) . Hulscher (1996) further found that sand wave height increases in offshore direction, so that would explain why saw-tooth bars are lower. Sand waves are created by an instability of a sandy bed interacting with the tidal current (Besio et al. 2006; Blondeaux and Vittori 2011) . Therefore, saw-tooth bars might be shallow water sand waves occurring on ebb-tidal delta lobes.
Hypotheses regarding saw-tooth bar formation
The results of this study are in agreement with Gordeau (1999) and Herrling and Winter (2014) , in finding a translational migration of the bars in the direction of littoral sediment drift. However, it was also confirmed that the bars on several ebb-tidal deltas of the East Frisian islands show little to no migration, as found by Antia (1994) . Antia (1994) suggested that the troughs of the saw-tooth bars were formed by rip currents resulting from edge waves. This hypothesis is an example of the so-called forcing template theory, which assumes a fixed flow pattern that would result in a fixed bedform pattern. Since then, the self-organisation theory was further developed, which has provided a better explanation for the generation and occurrence of nearshore bedforms (Coco and Murray 2007) . The main reason for this is the fact that the forcing template theory does not account for the feedback and interactions between hydrodynamics and morphodynamics. On top of that, oblique wave incidence angles (which are found on most ebb-tidal deltas) cause edge waves to be progressive, which in turn causes a non-stationary flow pattern that moves downdrift much faster than the bars (Ribas et al. 2015) . Lastly, flow velocities of edge waves are not large enough to significantly change the morphology (Bryan and Bowen 1998) . In the light of these findings, it is more likely edge waves or rip currents-if present-are an effect of the bar morphology, rather than its cause. The formation of the bars is hypothesised to be a result of an instability mechanism caused by the interaction between the sandy bed and the hydrodynamics.
The main reason for this hypothesis is the cyclic behaviour of the bar height and their observed migration. The linear relations between bar height and migration speed and between bar height and the orientation of the larger area including the shoal suggest that the cyclic behaviour of the shoals plays an important role in the development of saw-tooth bars. Since there are clear stages of saw-tooth bar growth and disappearance, the development of saw-tooth bars is hypothesised to be similar to that of sand waves: an instability mechanism related to tidal and wave-driven currents.
There are three types of hydrodynamics that can interact with the bed and thereby generate bedforms: tides, wind-and wave-driven currents. Wind-driven currents are known to create SCR. However, as described above, SCRs have much larger dimensions than saw-tooth bars and are orientated differently with respect to the depth contours. Also, the peaks in saw-tooth bar height do not occur simultaneously at the different deltas, implying that they are not related to storminess or yearly averaged wave height, since these characteristics should be more or less similar throughout the study area. Therefore, it is unlikely that saw-tooth bars are formed by wind-driven currents.
The decrease in median wavelength and bar height in the easterly direction could indicate a relation with the tide, since the tidal amplitude increases over the same distance. The smallest wavelengths occur under the largest tidal currents; this is also found for sand waves (Van Santen et al. 2011 ). However, the increase of the tidal amplitude does not necessarily cause an increase in tidal current velocity, since the tide is a standing wave. On top of that, the tide cannot explain the cyclicity in the bar heights.
Since wave directions are relatively constant in the study area, the effect of wave-related currents is mainly dependent on their direction with respect to the bars. Because of the cyclic behaviour of the ebb-tidal deltas, the orientation of the depth contours changes through time. A positive linear relation was found between bar height and the orientation of the bar area. A larger orientation angle of the depth contours with respect to the north indicates that the shoal is protruding further into the sea. At this part in the cycle, the shoal creates a shadow zone in its downdrift part, where wave incidence angles are large and the waves propagate more or less parallel to the depth contours. Here, saw-tooth bars might develop. When the shoal has just attached to the coast, the depth contours and the direction of wave propagation are no longer aligned, causing the saw-tooth bars to disappear.
Also, the larger ebb-tidal deltas have the highest sawtooth bars. Larger deltas have a larger shadow zone, so the bars have more space to develop. Out of the shadow zone, along the island coast, the bars gradually disappear. This is probably caused by the increasing angle between the direction of wave propagation and the depth contours at these locations. These observations related to the waves suggest that high-angle wave instabilities might generate saw-tooth bars (Ashton and Murray 2006) . Although it is also possible that morphologic parameters of the shoreface are important as well (e.g. composition of the subsurface, types of sediment available, or slope of the shoreface), this could also explain why no saw-tooth bars are found on the N-W oriented Wadden Islands of Germany and Denmark. Further research should be done on the interaction of the bars with the hydrodynamics, and their effect on sediment transport. Since observations are limited, this should be done by a modelling study. Such studies could reveal the underlying morphodynamic instability mechanism that causes the formation of these sawtooth bars.
Conclusions
Saw-tooth bars were studied using bathymetric maps of the ebb-tidal deltas of the Frisian Wadden Islands. Saw-tooth bars are down-current-oriented sandbars at the downdrift part of ebb-tidal deltas. Contrary to what their name suggests, they are not highly asymmetric. The heights of sawtooth bars are in between 0.5 and 2 m and are varying through time with a multi-annual variability. Their wavelengths range between 300 and 900 m, with an average of 670 m, and crest lengths between 800 and 2200 m are found on the ebb-tidal deltas of the west-and east Frisian Wadden Islands. They occur between 3 and 12 m depth. Migration speeds vary between 2 and 112 m/year. Bar height and migration speed, wave length and width, and seaward and landward depth are positively correlated. Bar height and width both depend on the slope and orientation of the shoreface, and migration speeds only depend on the orientation of the shoreface. Not all inlets in the Wadden Sea contain saw-tooth bars, and not all saw-tooth bars migrate. Based on the present results, it is hypothesised that saw-tooth bars are sand waves, generated by an instability mechanism forced by tidal and wave-driven currents.
